Abstract Activation of the ErbB family of receptor tyrosine kinases via cognate Epidermal Growth Factor (EGF)-like peptide ligands constitutes a major group of related signaling pathways that control proliferation, survival, angiogenesis and metastasis of breast cancer. In this respect, clinical trials with various ErbB receptor blocking antibodies and specific tyrosine kinase inhibitors have proven to be partially efficacious in the treatment of this heterogeneous disease. Induction of an embryonic program of epithelial-tomesenchymal transition (EMT) in breast cancer, whereupon epithelial tumor cells convert to a more mesenchymal-like phenotype, facilitates the migration, intravasation, and extravasation of tumor cells during metastasis. Breast cancers which exhibit properties of EMT are highly aggressive and resistant to therapy. Activation of ErbB signaling can regulate EMT-associated invasion and migration in normal and malignant mammary epithelial cells, as well as modulating discrete stages of mammary gland development. The purpose of this review is to summarize current information regarding the role of ErbB signaling in aspects of EMT that influence epithelial cell plasticity during mammary gland development and tumorigenesis. How this information may contribute to the improvement of therapeutic approaches in breast cancer will also be addressed.
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Introduction
The ErbB family of type I receptor tyrosine kinases (RTKs), including Epidermal Growth Factor Receptor (EGFR; ErbB1, HER1), ErbB2 (Neu, HER2), ErbB3 (HER3) and ErbB4 (HER4), are activated by a large family of 14 ligands [1] . ErbB receptors modulate mammary gland development and are often amplified, mutated and/or overexpressed in breast cancer [2, 3] . Since they have important functions in regulating tumor proliferation, survival and metastasis, the ErbB family is a potentially attractive therapeutic target in breast cancer [4] . Co-expression of various ErbB receptor and ligand combinations is frequently associated with a more aggressive phenotype in breast tumors [5] . Increased expression of ErbB receptors, or ligands such as Transforming Growth Factor-α (TGFα), Amphiregulin (AREG), Neuregulin-1 (NRG1), or Cripto-1 (TDGF-1) that are capable of direct or indirect receptor activation, has been associated with an increased incidence of mammary hyperplasia and/or adenocarcinoma development in virgin or multiparous mice [1] .
Aggressive breast cancers are generally resistant to current anti-cancer therapies, prone to early recurrence, and metastasize to distant sites, such as brain and lung. These breast cancers likely evolve from less aggressive epithelial-like breast tumors through reactivation of embryonic signaling pathways and programs like epithelial-to-mesenchymal transition (EMT) [6, 7] . EMT arises through a series of epigenetic alterations which converts polarized and adherent epithelial cells to a more motile and invasive mesenchymal-like phenotype. EMT and the converse process of mesenchymal-to-epithelial transition (MET) are fundamental in the development of virtually all organ systems [8, 9] . In cancer, EMT facilitates migration, invasion, and metastasis. Aggressive breast cancers exhibit phenotypic characteristics of EMT. This includes reduced expression of epithelial markers, such as E-cadherin, Occludin, Claudins, Desmoplakin, and epithelial Cytokeratins, and upregulation of mesenchymal markers, such as Vimentin, Smooth Muscle Actin, Fibronectin, and N-cadherin [9] . The downregulation of epithelial markers is a typical consequence of the activity of EMT-associated transcriptional repressors like Snail, Slug, Twist, ZEB1, and/or ZEB2 [9] . Numerous signaling pathways have been described to regulate aspects of EMT in embryonic development and disease, and are discussed elsewhere [8, 9] .
Ligand-dependent or independent activation of the ErbB receptors can initiate and sustain various aspects of the EMT pathway in normal and malignant epithelial cells. Importantly, not all contexts of ErbB signaling necessarily promote epithelial cell migration or invasion. This phenomenon appears dependent upon which receptor homodimers or heterodimers are formed, which downstream signaling effectors are activated, and how signaling influences cell-cell and cell-extracellular matrix (ECM) interactions [10] . Additionally, other factors can cooperate with ErbB receptors to influence the invasive and migratory behavior of mammary cells including Transforming Growth Factor-β (TGFβ), Src, and Rho-GTPases [10] . In this review, we discuss the role of ErbB signaling in aspects of EMT that impact epithelial cell plasticity during mammary gland development and breast cancer. Understanding the function of molecular regulators, such as the ErbB pathway, in breast cancer progression is fundamental for the design of more efficient therapeutic strategies.
Role of ErbB Signaling and EMT During Embryogenesis and Prenatal Mammary Gland Development
The processes of EMT and MET are recurring themes during vertebrate embryogenesis [9] . These cellular transitions, as well as signal interactions between adjacent epithelial and mesenchymal tissues, are important in the development of virtually all organ systems. The ErbB signaling pathways participate in diverse developmental events from preimplantation to postnatal development, as indicated by the wide range of developmental defects that are observed in knockout mouse models [11] . Of particular note, ErbB/EGF family members have been implicated in regulating tissue morphogenesis in gastrulation, heart development, and mammary gland morphogenesis [9] .
The earliest involvement of the EGF signaling pathway during mammalian development is evident prior to embryo implantation [12] . On the mouse CF-1 genetic background, EGFR is required for maintenance of the inner cell mass, which is a totipotent cell population that will form the epiblast and eventually give rise to all cells that make up the embryo proper. The first recognized EMT in development occurs during gastrulation, when cells of the epithelial epiblast undergo EMT as they migrate through the midline structure called the primitive streak [13] . Migration of these primitive mesenchymal cells (mesendoderm) away from the anterior Node gives rise to the underlying mesoderm and endoderm germ layers. ErbB4 signaling has been shown to regulate convergent extension movements during Xenopus gastrulation [14] [15] [16] , where mesoderm cells involute and migrate as a contiguous sheet [13] . Direct involvement of an ErbB signaling pathway during mammalian gastrulation has not been described. However, Cripto-1, a member of the Epidermal Growth Factor-Cripto-1/FRL-1/Cryptic (EGF-CFC) subfamily that does not directly bind to any of the four known ErbB receptors but can indirectly activate ErbB4 [17] , has an essential role in initiating mesoderm and endoderm formation through Nodal-dependent and independent signaling pathways during mammalian gastrulation [18, 19] .
The first organ to develop during vertebrate embryogenesis is the heart. The heart is formed by an overlapping series of cell migration, differentiation, proliferation, EMT and MET. Cardiac progenitor cells are initially specified during the EMT at gastrulation, which then undergo MET and coalesce to form a primitive heart tube that subsequently undergoes looping. Succeeding maturation steps also involve EMT, and include the formation of the trabecular myocardial layer, and the development of the endocardial cushions and valves [20, 21] . Studies across vertebrate species indicate that ErbB signaling is essential for heart morphogenesis [22, 23] . In mice, multiple ErbB receptors and ligands are expressed in the endocardial or myocardial layers of the heart [24] [25] [26] [27] . The ErbB2 and ErbB4 receptors, and the ligand NRG1, are required for proper myocardial trabeculation, which is the formation of finger or sheet-like extensions of the myocardium that is critical for the maintenance of blood flow during early cardiogenesis [24, 26, 27] , while ErbB2 and NRG1 also participate in cushion formation [28, 29] . The receptors ErbB3 and EGFR, and the Heparin-Binding EGF-like Growth Factor (HB-EGF) ligand, are necessary for cardiac cushion development and valve remodeling that lead to formation of mature cardiac valves [28, [30] [31] [32] . The atrioventricular (AV) canal (the region between the atria and ventricles) and the outflow tract cushions are derived from cells of the inner endocardial layer that undergo an EMT into the underlying ECM, called the cardiac jelly. Activation of ErbB2/ErbB3 signaling by NRG1 specifically participates in endocardial cushion EMT via a mechanism involving hyaluronic acid (HA), an important component of the cardiac jelly [28] . Embryos lacking Has2, a major enzyme responsible for HA synthesis, display a complete absence of cardiac jelly and diminished ErbB2/ErbB3 phosphorylation that could be rescued in AV canal explant cultures by addition of HA. Specifically, attenuation of ErbB3 phosphorylation blocked endocardial cushion EMT in wild-type AV canal explants, while NRG1 could rescue endocardial cushion EMT in Has2-/-AV canal explants, indicating a role for ErbB2/ErbB3-NRG1 signaling in modulating cardiac cushion EMT. EGFR and HB-EGF deficient mouse models also display abnormalities in cardiac valve formation [30] [31] [32] . HB-EGF does not participate in endocardial cushion EMT however, but rather regulates the proliferation of already transformed mesenchymal cells [32] .
ErbB signaling pathways clearly play important roles in heart development and associated EMT, and mutant mouse models for specific ErbB receptors typically exhibit heart and nervous system defects and die prenatally [11] . For this reason, mammary gland development has been a challenge to study in these animals. However, models where the ErbB receptor gene is specifically re-expressed in the heart can rescue embryos from lethality and enable the study of these receptors in mammary gland development.
The mammary gland is a unique organ in that much of its development occurs postnatally. Embryonic mammary gland development arrests with only rudimentary glands present [33] . In this regard, development of the mammary gland requires postnatal branching morphogenesis and ductal elongation for complete maturation of the mammary glands which is essential for differentiation and milk protein production during pregnancy and lactation. In mouse, embryonic mammary glands are specified early in development with formation of the milk lines, which are two ridges of stratified epithelium running between the fore-and hind-limb buds on the ventral surface of the embryo. Ectodermal cells along the milk line aggregate at distinct sites and invaginate to form five pairs of mammary buds. Signaling from the epithelial bud induces underlying mesenchymal cells to become dense around the bud, forming the so-called mammary mesenchyme. Epithelial bud cells proliferate, and the bud sprouts through the mesenchyme and branches into the prospective mammary fat pad to form a small ductal tree bearing 10-15 branches [33] .
ErbB signaling plays an important role in mediating interactions between the mesenchyme and coalescing mammary bud epithelium as it promotes specification of the mammary bud. In particular, the A/J mouse strain exhibits aberrant positioning and ectopic numbers of mammary buds. This phenotype is produced by mutations in the scaramanga (ska) gene which corresponds to Neuregulin-3 (NRG3), a ligand of the ErbB4 receptor [34] . NRG3 is first expressed in the lateral plate mesoderm underlying the ectoderm where the mammary buds will subsequently develop, immediately prior to the sequential development of each bud. Interestingly, the ErbB4 receptor is also expressed in the lateral plate mesoderm preceding mammary bud formation. In the ska mutant, mammary bud 3 is absent and small ectopic buds often form close to the site of mammary bud 4, indicating a requirement for mesenchymal NRG3 in bud specification in the overlying ectoderm.
It is unlikely that ErbB4 and NRG3 are the only ErbB/ EGF family members that participate in embryonic mammary gland formation. A recent study by Wansbury et al describes the expression of all four Neuregulin ligands (NRG1-4) and all ErbB receptors prior to and during formation of the mammary bud in either surface ectoderm or underlying mesoderm or both [35] . Considering that the individual mutant mouse models do not typically exhibit embryonic mammary gland defects, it is likely that some degree of redundancy exists between family members of ligands and receptors, as observed in other aspects of mammary gland development [36] .
ErbB Signaling During Postnatal Mammary Gland Development
During the postnatal development of the mouse mammary gland, elements reminiscent of EMT play an important role in regulating cellular migration and the establishment of new tissue. The epithelial cells that make up the developing mammary gland show great plasticity, and are influenced by numerous systemic and local factors including multiple members of the ErbB/ EGF family, the ovarian hormones estrogen and progesterone, and other growth factors including FGFs, IGF-2 and Wnt-4 [37] . These factors function through autocrine, paracrine, and juxtacrine mechanisms, with a number of these signals originating from the surrounding mesenchymal tissue including adipocytes as well as neural, lymphoid, and endothelial cells.
Analysis of the temporal expression of EGF family members, such as AREG, TGFα, Betacellulin, HB-EGF, EGF, Epiregulin, and NRG1, indicates all are present during postnatal mammary gland development and have unique expression patterns [38, 39] . EGFR, ErbB2, and later ErbB3, are expressed in the virgin mammary gland [38] [39] [40] , while all four ErbB receptors are expressed during pregnancy and lactation. Specific mutant mouse models of EGFR, ErbB2, and ErbB4 exhibit defects in aspects of mammary gland morphogenesis, such as ductal elongation and branching, lobuloalveolar development, and milk protein production [40] [41] [42] .
Penetration of the expanding mammary ducts into the fat pad in the virgin mammary gland, as occurs during allometric outgrowth and side branching, requires ECM degradation and remodeling by ECM-degrading proteases such as Matrix Metalloproteases (MMPs) that are an important component of EMT. Invasion from the terminal end buds (TEBs) as the ducts move into the surrounding stroma requires epithelial cell plasticity and may be due to a process reminiscent of EMT, as EMT-associated transcriptional repressors (Snail and Twist) and MMPs are enriched in TEBs [43] . Stimulation of RTKs such as the ErbB receptors can activate Ras-MAPK signal transduction cascades that upregulate Snail and Slug [44, 45] , which repress the transcription of E-cadherin and other cell adhesion molecules [46] . Likewise, numerous MMPs, including MMP2, MMP9 and MT1-MMP, are downstream targets of ErbB signaling pathways [47] [48] [49] .
AREG is the most abundant EGF ligand during pubertal expansion of the mammary epithelium in the virgin mammary gland [38] . AREG is induced by and required for estrogen-mediated mammary epithelial proliferation, ductal elongation, and TEB formation [50] . In an anchorage-independent culture system, where stem cells survive anoikis and expand to form free-floating mammospheres, AREG mediates the expansion of ductal-limited mammary progenitor cells but not lobule-limited mammary progenitor cells [51] . In this model, AREG signals through EGFR and activates Erk1/2 of the Ras-MAPK pathway to induce mammosphere expansion.
TGFα is expressed throughout mammary development [52] . The highest levels are detected during mammogenesis and involution following pregnancy, which are stages characterized by expansive proliferation and tissue reorganization. TGFα is found in the proliferating cap cells of the TEBs, which are cells required for normal epithelial invasion into the fat pad, and in the surrounding stroma during pubertal growth. TGFα expression is also found during the lobulalveolar stages, although at a reduced level. The epithelial cap cells and myoepithelial cells are descendents of duct-limited mammary progenitor cells. During pregnancy, an increase in TGFα production coincides with extensive mammary epithelial cell proliferation. During subsequent lactation, TGFα levels are 2-3 times higher than levels in mammary glands of virgin mice.
The ligands of the EGF family are proteolytically cleaved from membrane-tethered pro forms. Many EGF family members, such as TGFα, AREG and HB-EGF, are cleaved by TNFα converting enzyme, also known as ADAM17 (A Disintegrin and Metalloproteinase-17) [53] [54] [55] . Interestingly, ADAM17 and EGFR knockout mice present similar phenotypes characterized by abnormal pubertal mammary gland development [56, 57] . ADAM17-/-mice still express AREG that normally activates EGFR during mammary gland development, but, in these mice, it is not cleaved from its membrane tethered form and cannot activate EGFR [57] . This suggests that ADAM17 acts upstream of EGFR signaling in mammary gland morphogenesis by regulating ligand activity.
The EGF ligands and the ErbB receptors have multiple and recurring functions throughout mammary development. They are essential for proliferation, invasion, and differentiation of mammary tissue at the major mammary developmental stages. Since these ligands and receptors are involved in proliferation and penetrating growth, it is not surprising that many of these proteins are highly expressed in breast cancer.
ErbB/EGF Signaling and EMT in Breast Cancer
Numerous in vitro and animal models of cellular transformation, tumorigenesis, and metastatic spread have been developed in an attempt to recapitulate and characterize important biologic events which occur during cancer development, to try to identify potential therapeutic targets. A number of biological processes are shared between embryonic development, and the initiation and progression of oncogenesis. One pivotal process that has assumed increased attention is EMT because of its potential to regulate metastasis [58] . The basis for studying EMT in cancer is that the majority of human malignancies are derived from epithelial cells. Most cancer cells, like epithelial cells during embryonic development, undergo physical and biochemical changes that enable them to interact with the surrounding microenvironment, thus facilitating their migration from the site of origin and dissemination to distant tissues and organs [59] . Similar to normal development, epithelial-like cancer cells in the primary tumor can initiate a multi-step process whereby cells downregulate the expression of intracellular adhesion components, such as E-cadherin, Occludin, and Claudins, and upregulate signaling pathways and proteins, such as N-cadherin and Vimentin associated with a more motile, mesenchymal-like phenotype [9] . Such changes lead to alterations in cell polarity and cell-cell adhesion as epithelial cells transition to a mesenchymal-like state.
EMT in cancer cells is often triggered by autocrine and paracrine signals. Numerous growth factors, cytokines and integrin-related interactions can directly or indirectly activate signaling molecules, such as RTKs, Wnt/β-catenin, MAPKs, PI3K/Akt, Ras, ILK, and FAK, capable of inducing EMT [60] . Expression of the ErbB RTK family and their cognate ligands have been detected in diverse human cancers including carcinomas of the lung, colon, ovary, stomach, and breast, and their role during neoplastic transformation and tumor progression has been well documented [2] . Enhanced activity of EGFR and ErbB2 in cancer cells promotes aggressiveness as characterized by an increased rate of recurrence and metastatic spread. Several studies have attempted to associate the expression of individual ErbB receptors with disease progression and have found that the co-expression of different ErbB receptors in breast cancer is more often associated with poor prognosis than the individual expression of specific ErbB receptors and/or EGF-like ligands [2, 5] . For example, in a study group of 242 breast cancer patients, the co-expression of EGFR, ErbB2, and ErbB3 was associated with poor patient survival during a median 15 year follow-up [61] . Given the redundancy of expression of ErbB receptors in cancer, it is clear that the complete picture of ErbB receptor and ligand expression should be taken into consideration for a more accurate assessment of overall signaling activity, when evaluating possible patient therapy options [62] .
The elevated aggressiveness associated with EGFR activity in cancer cells may be explained in part by the activation of EMT associated events. EGFR activity has been shown to induce tumor cell motility and invasion by regulating the activity of downstream signaling molecules, such as FAK, β-catenin, Ras, Raf, MAPK, and PI3K/Akt [63] . Individual cell migration and invasion is dependent upon the release of cell-cell contacts. The activation of different pathways including ErbB signaling can result in increased activity of transcriptional repressors, such as Snail, ZEB, and Twist, that repress expression of cell adhesion molecules like E-cadherin (as summarized in Fig. 1 ) [60] . EGFR signaling can induce EMT, invasion, and metastasis in several different types of rodent and human cancer cells, including human breast cancer cells, which can be mediated via STAT3-dependent Twist upregulation [64] or by inducing the expression of Snail and ZEB [65] , for example. Importantly, however, the observations that only EGFR/ErbB2 heterodimers, but not homodimers, could induce invasive behavior in mammary epithelial cells [66] , and that EGFR over-expression in mice did not induce transformation of the entire mammary epithelium, but caused only focal mammary tumors that were sometimes metastatic [67] , together suggest that additional mechanisms likely contribute to ErbB-dependent effects on EMT, cell invasion, and metastasis. Cross-talk with other growth factors such as TGFβ [68, 69] , kinases such as Src [70, 71] , or cell-matrix signaling molecules such as α 6 β 4 integrin [72, 73] , have been described to promote ErbB-dependent effects on mammary tumors.
Several reports have shown a role for the Cripto-1/Nodal signaling pathway during EMT, which has been implicated in both embryogenesis and cellular transformation [74] . Cripto-1 contains a modified EGF-like motif with 60-70% homology to EGF. Although Cripto-1 is not known to bind directly to any of the known ErbB receptors, it has been shown to indirectly enhance ErbB4 tyrosine kinase activity [17] . An increase in migration and invasion of cervical and breast cancer cells has been associated with Cripto-1 overexpression [75, 76] . Furthermore, studies have described the EMT signature of decreased E-cadherin expression and increased Vimentin and N-cadherin expression in mammary gland hyperplasias and tumors from transgenic mice overexpressing human Cripto-1 [77] . This same study also described biochemical and functional changes associated with EMT in vitro in Cripto-1 overexpressing mouse mammary epithelial cells. The role of Cripto-1 in the induction of EMT in cancer cells may explain, in part, why Cripto-1 expression has been associated with more aggressive behavior in gastric cancer [78, 79] , breast cancer [80] , ovarian cancer [81] , and colon cancer [82] . Considering that Nodal can bind to Cripto-1 during A/P axis orientation and mesoderm formation, it would seem logical that activation of Nodal-and Smaddependent signaling could also regulate EMT in cancer. In fact, Nodal has been shown to correlate with more advanced stages of melanoma and breast cancer, which may relate to the ability of Nodal to induce migration and invasion in these cells [83, 84] . To further support this, a recent study found that Nodal/Smad2 signaling can positively regulate the expression of Twist, Snail, and Slug during mesoderm formation in Xenopus, and that Twist and Slug in turn can negatively affect expression of the Nodal antagonist, Cerberus [85] .
Clearly, EMT represents one mechanism by which activation of ErbB signaling may regulate cancer progression. It is also intuitive that cancer therapy using ErbB-directed small molecule inhibitors and/or blocking antibodies may influence EGF-dependent EMT, and inhibit cancer cell migration and invasion. Unfortunately, not all epithelial cancers respond to treatment strategies that block ErbB signaling. Several explanations have been given to account for these low success rates [86] .
For instance, acquisition of resistance through mutation of the targeted EGFR has been suggested as a possible explanation in patients that fail to respond to anti-EGFR therapy [87] . Accurate characterization of global ErbB receptor expression in breast cancer and subsequent use of a combination of specific ErbB receptor inhibitors has been shown to increase the anti-cancer effect in select patients [88, 89] . Recently, EMT has been suggested as a key factor in determining the success rates of anticancer therapy. In certain cancers, ErbB receptor inhibitors were more effective in epithelial-like tumor cells than in tumor cells that exhibited a more mesenchymal-like phenotype or that had acquired other EMT characteristics [90] [91] [92] . In aggressive inflammatory breast cancer, ErbB receptor inhibition was able to reverse the mesenchymal phenotype of these cancer cells to a less aggressive and potentially more chemotherapy sensitive epithelial phenotype [93] .
It is apparent that EMT is no longer a phenomenon limited to explaining the migration of cells to sites of developing tissues and organs during embryogenesis. Clearly, cancer cells that acquire a more mesenchymal phenotype through EMT are more aggressive, are more resistant to conventional chemotherapy and radiotherapy, and are associated with reduced patient survival. Most importantly, future anti-cancer approaches should take into account the status of EMT in individual cancers as reversal of EMT could lead to enhanced sensitivity of cancer cells to specific anti-cancer agents, including ErbB inhibitors. The hope is that such considerations can influence the selection of more efficient treatment options.
Conclusions and Future Perspectives
During embryonic development, one of the key features that results in the exquisite programming of epithelial tissue into a complex organ is EMT. EMT has also provided insight into mechanisms involved in the migration, invasion, and metastatic spread of cancer cells. Indeed, this review has highlighted the importance of the ErbB and EGF families of receptors and ligands in regulating epithelial plasticity and EMT during mammary gland development and breast cancer. Understanding and defining the initial molecular signals leading to the EMT switch in tumor cells would undoubtedly contribute to the earliest possible clinical detection and intervention strategies. Although the use of inhibitors delivered individually to ErbB/EGF targets seems reasonable, limited efficacy suggests that a combinatorial approach would offer improved clinical outcome. Elucidating the steps that initiate the re-emergence of embryonic processes and signaling pathways in cancer, such as those involved in EMT, and understanding the implications of the interactions between transitioning cells and their microenvironment, will ultimately lead to more rational approaches in our arsenal for targeting cancer.
